Marinobacter sp. strain CAB was cultivated with or without porous glass beads as solid support. Two substrates were used: the hydrophilic sodium lactate and a hydrophobic C 18 -isoprenoid ketone (6,10,14-trimethylpentadecan-2-one (TMP)). The substrate adsorption onto the beads was measured. Bacterial adhesion was determined by a direct count technique and amounted to 70% of total cells. In the immobilised cell cultures (ICC), generation times were 1.5 and 1.8 times shorter than in the planktonic cultures (FCC) with sodium lactate and with TMP, respectively. In ICC, the growth yields were lower (15.3 FCC U10 9 and 0.8 ICC U10 9 bacteria mg 31 of sodium lactate; 50 FCC U10 9 and 35 ICC U10 9 bacteria mg 31 of TMP). The mineralisation of substrates was estimated after mass spectrometric determination of the CO 2 production rates of both free and immobilised cell cultures. The results indicated a higher specific CO 2 production rate in the ICC with sodium lactate (3.1 FCC þ 0.2 and 3.5 ICC þ 0.3 nmol CO 2 mg 31 protein min 31 ) but not in the ICC with TMP (1.9 FCC þ 0.7 and 0.5 ICC þ 0.3 nmol CO 2 mg 31 protein min 31 ). The affinities for the two substrates were lower in the presence of the solid support (K mYICC = 18.2 þ 0.2 WM and 37.1 þ 2.0 WM, for sodium lactate and TMP, respectively) than without support (K mYFCC = 8.5 þ 1.5 WM and 8.4 þ 1.2 WM, for sodium lactate and TMP, respectively). Moreover, the presence of a solid support showed a lower inhibition by the TMP (K iYFCC = 3.8 þ 1.0 WM and K iYICC = 12.2 þ 2.5 WM) which may explain why the immobilised cell cultures degraded hydrophobic TMP more efficiently than the planktonic cultures. ß
Introduction
Though the majority of benthic bacteria are not suspended in interstitial water but attached to sediment particles [1] , relatively few studies have examined the degradation of natural adsorbed organic matter and possible interactions among surfaces, adsorbed organic matter and attached bacteria.
The metabolism of a bacterium isolated from a sediment is often studied in liquid culture, although this condition represents only one of a range of real physical conditions occurring in the original environment. To show that there are signi¢cant di¡erences between free and immobilised cells, some authors have compared the bacterial growth [2, 3] , the assimilation [4] and the degradation activity [5, 6] when a solid support is present or not present in the reaction system. Unfortunately, the results obtained do not always give rise to the same conclusions. This is certainly due to the complexity of the factors in£uencing the bacterial immobilisation (i.e. the nature and concentration of the substrate, the structure and composition of the support, the physicochemical parameters of the medium and the physiology of the cells).
In order to clearly show the physiological di¡erences between a free and an immobilised cell culture, it was necessary to adopt simpli¢ed reaction systems. Firstly, the solid support model had to: (i) allow the immobilisation of the bacterial strain with a good proportion of attached cells, (ii) be homogeneous and (iii) be as similar as possible to the original natural marine sediment where the bacterial strain originates. Many studies have already used glass beads. Taylor and Gulnick [7] had di¤culties in inducing bacterial immobilisation on non-porous glass beads, whereas Ascon-Cabrera et al. [8] were able to achieve a maximum of 50% of attached cells on Siran porous glass beads over a short time. In the light of these studies, we chose this porous solid support which o¡ers the two advantages: biocompatibility with the cells and similarity to the real sediment.
The hydrophilicity/phobicity properties of the compounds used as substrate can have a marked impact on the bacterial immobilisation (for a review see Fletcher [9] ). It therefore seemed worth comparing two carbon sources of distinctly di¡erent hydrophilicities since most authors had worked with either a pure substrate [8] or with petroleum hydrocarbons [6, 10] .
Consequently, one bacterial strain (Marinobacter sp. strain CAB), one solid support (porous glass beads) and two carbon sources (sodium lactate and 6,10,14-trimethylpentadecan-2-one (a C 18 -isoprenoid ketone commonly present in marine sediments [11] )) were chosen in order to monitor both physicochemical and biological parameters.
The metabolism of Marinobacter sp. strain CAB cultivated with or without porous glass beads as solid support on sodium lactate (hydrophilic substrate) or on 6,10,14-trimethylpentadecan-2-one (hydrophobic substrate) was studied by monitoring (i) bacterial growth constants (generation time and growth yield), and (ii) the mineralisation of substrates. Most earlier studies used the indirect counting method monitoring colony forming units (CFU) [8] , which could not accurately estimate the proportion of free or immobilised cells present in the reaction systems, so it was important to develop a new technique for cell enumeration which could be related to a suitable method for biomass estimation [12] . Bacterial growth was determined from total direct counts on both bacterial populations to ensure the most accurate estimation of bacteria numbers. The mineralisation of the substrates was estimated by measuring CO 2 production rates with a mass spectrometer. This new technique for the study of the catabolic activity makes it possible to determine kinetic parameters accurately.
In addition to comparing metabolism of free and immobilised bacteria, this work also examines problems in extrapolating at the numerous results obtained with simple liquid culture to conditions in the natural environment.
Materials and methods

Bacterial strain
Marinobacter sp. strain CAB is a bacterium isolated from hydrocarbon-polluted marine coastal sediments (Lavera, Gulf of Fos, France). Its morphological, physiological and biochemical characteristics were previously described [11] . The bacterial strain was able to use di¡erent organic acid compounds as sole source of carbon and energy.
Solid support
Porous glass beads (Siran, Schott Glaswerke, Mainz, Germany) of about 2 mm diameter were used as a solid support for bacterial immobilisation. This support had a pore volume of 55^60% and a surface area of 0.15 m 2 g 31 . The glass beads are inert and biocompatible with bacterial cells [8] . Before each experiment, the glass beads were washed with slightly acid water, rinsed with distilled water and heated for 12 h at 550³C for organic matter mineralisation.
Media and growth conditions
The bacteria were subcultured on solid TBA medium consisting of Trypticase Soya broth (Mërieux) (15 g), agar (Difco) (15 g ) and of Biosoyase (Mërieux) (5 g) per l of arti¢cial seawater (ASW, [11] ). The basic growth medium consisted of ASW supplemented with iron sulphate (0.1 mM), potassium phosphate (0.33 mM) and sodium lactate (11 mM) or 6,10,14-trimethylpentadecan-2-one (TMP) (3 mM) as the carbon source. For the immobilised cell cultures, 7.5 g of porous glass beads were added to the medium before sterilisation. 50 ml of cultures were grown in aerobic conditions at 30³C, in 250 ml Erlenmeyer £asks agitated on a reciprocal shaker at 96 rpm. For each experiment, two £asks were inoculated: one for the monitoring of growth and the other for estimation of substrate degradation (and identi¢cation of metabolites in the case of the TMP). Sterile experiments were carried out in parallel as controls.
Bacterial enumeration
The attached cells were removed by the procedure of Ascon-Cabrera et al. [8] . Glass beads were separated from the bulk phase by ¢ltration on Whatman qualitative ¢lters. The glass beads were washed three times with a known volume of ¢ltered (0.2 Wm) sterilised ASW. These washings were pooled with the aqueous phase. The glass beads (with the attached cells) were immersed for 30 min at 20³C in a solution containing 0.001 M EGTA (ethylene glycol-tetraacetate), 0.1% Tween 80 (v/v), 0.1% SDS (sodium dodecyl sulphate) (Sigma) (v/v) in ASW, pH 7.5. This mixture was exposed to ultrasonic treatment for 10 min (Branson 2200, The Netherlands). The glass beads were then rigorously washed and the detached cells were counted by the technique of epi£uorescence in the presence of £uorochrome (4P,6-diamidine-2P-phenylindole dihydrochloride (DAPI)) as previously described [13] .
Scanning electron microscopy (SEM)
The surfaces of the solid support were examined microscopically to determine the characteristics of the immobilisation surface, the morphology and the distribution of the attached bacteria. SEM samples were generated from immobilised cell culture (ICC) on sodium lactate and on TMP stopped at the end of the exponential phase of growth with 25% glutaraldehyde. Some glass beads were washed with ¢ltered/sterile distilled water, ¢xed on the support and dehydrated in an ethanol and an acetone series. After critical point drying, the beads were coated with Au-Pd. The samples were observed under a Hitachi S570 scanning electron microscope and photographed.
Mineralisation activity
The mineralisation of the substrate was estimated from CO 2 production rates. During experiments, CO 2 production was continuously measured in washed cell suspensions using a quadrupole mass spectrometer (Anagaz, model 100D) [14] with a mass to charge ratio (m/z) of 44. CO 2 production was calibrated using standard gas mixture.
At the beginning of the stationary phase of growth on either substrate, the cells were harvested by centrifugation at 5000Ug for 15 min and washed twice with ASW. Pellets were resuspended to about 3 mg wet weight ml 31 , in 50 ml ASW supplemented with chloramphenicol (100 Wg ml 31 ) to prevent further growth. The suspensions were gently stirred in 330 ml open vessels (with or without glass beads) connected to the mass spectrometer. The CO 2 production was monitored in the gas phase for 15 min. Finally, a protein assay was performed on all suspensions to make all experiments comparable and to allow the results to be expressed as a speci¢c activity (nmol CO 2 min 31 (mg protein) 31 ). The kinetic K m and V max parameters were derived from the Lineweaver^Burk representation of the MichaelisM enten equation (Eq. 1). The Monod^Haldane equation (Eq. 2) was used to determine K i . V i = initial CO 2 production rate (nmol CO 2 min 31 (mg protein) 31 ), V max = maximum CO 2 production rate (nmol CO 2 min 31 (mg protein) 31 ), [S] = substrate concentration, K m = a¤nity constant (WM) and K i = inhibition constant (WM).
Chemical analyses
Sodium lactate utilisation was determined using an enzyme kit (Sigma Diagnostics, St. Louis, USA). 10 Wl of reagent (sodium lactate oxidase/peroxidase/chromogen precursor/pH 7.2) was added to 1 ml of the sample. The optical density of the reaction was measured with a Shimadzu UV 240 spectrophotometer. The sodium lactate adsorbed was separated from the glass beads using the change of polarity properties of the organic acid. The beads were immersed and gently shaken in non-bu¡ered ASW (pH 9^10) for 10 min. After removal of glass beads (by ¢ltration) the pH of the solution was brought back to 7.5 by addition of HCl (0.1 M) and the assay was carried out.
The aqueous concentration of TMP at each stage of the experiments was determined after continuous extraction with chloroform for 12 h. The extracts were then dried over anhydrous Na 2 SO 4 , ¢ltered on qualitative Whatman paper and concentrated by means of rotary evaporation. After evaporation of the solvent to dryness under nitrogen, the residue was weighed. The weight of TMP sorbed was measured after oven drying the glass beads for 4 h (at 60³C) and subsequent soxhlet extraction with chloroform. The extracts thus obtained were treated as described above.
Bacterial metabolites were identi¢ed by comparison of their retention times and mass spectra with those of synthesised reference compounds. Gas chromatography electron impact mass spectrometry analyses were carried out with an HP 5890 series II-Plus gas chromatograph connected to an HP 5972 mass spectrometer (Hewlett-Packard).
The total protein concentration was estimated using the Biuret method. Cells were lysed with 16% NaOH (w/v) for 5 min in a boiling water bath. The sorbed proteins were recovered using 30 s of vortex after each step of the Biuret method.
Statistical analysis
The biochemical constants were determined using linear regression (Analysis tools, Excel 7, Windows 95).
Results and discussion
Sorption of substrate
The percentage of substrate left in the aqueous phase as a function of time was measured in sterile systems ( Table 1 ). The sorption of sodium lactate was weak, rapid and stable (40% after 10 min). The interaction between the sodium lactate and the solid support was due to an ionic link, judged by desorption of the substrate after changing of the pH of the solution. The hydrophilicity and the availability of the sodium lactate in the reaction system were good properties for a reference experiment. 90% of the TMP sorbed to the glass beads after 24 h. The sorption properties of organic macromolecules, especially proteins, have been studied by numerous authors [5, 15] and seem to depend largely on the hydrophobicity of the solid support [9] . With glass beads it seems that the porosity (% and pore length) plays a role in the interaction between a hydrophobic compound and the support [16] . The present study showed that the glass beads could strongly sequestrate the majority of the TMP, possibly due to their high porosity.
Bacterial initial adhesion
The ability of Marinobacter sp. strain CAB to adhere to the solid support was demonstrated by two methods. Cell numbers in the aqueous phase of an immobilised cell sys- tem are counted as a function of time using epi£uores-cence technique (data not shown). After 20 min in the presence of the solid support, 50% of the population had adhered, whatever the substrate. At this stage in the immobilisation process adhesion was already irreversible and a high proportion of attached cells (70% of total cell number) were present after 2 h. This result is di¡erent from other tests of bacterial immobilisation on glass beads [7] .
The Marinobacter initial adhesion was rapid, irreversible, involved a majority of the cells and was independent of the nature of the substrate.
Micrographs of the colonised surface support made on glass beads from immobilised cell cultures (Fig. 1) showed ¢brous morphologic structures suggesting strong attachment as described by Van Loosdrecht et al. [17] . The surface structure of the beads clearly represents an excellent model support o¡ering many ecological recesses such as are likely to be present in a natural sandy sediment. No signi¢cant morphological di¡erences in the bacteria were observed on either substrate.
Bacterial growth and mineralisation
The comparison of bacterial growth in the presence or absence of a solid support showed signi¢cant di¡erences ( Table 2, Fig. 2) . The generation times (T d ) of Marinobacter sp. strain CAB, cultivated on sodium lactate or on TMP as carbon and energy source were respectively 1.5 and 1.8 times shorter in the immobilised cell culture (ICC). In the ICC with both substrates, the percentage of biomass was higher in the aqueous phase.
The growth yields in the ICC with sodium lactate or TMP were respectively 20-and 2-fold lower than in the FCC (Table 2 ). This result clearly showed the in£uence of the solid support on the metabolism of the Marinobacter. This result con¢rmed our previous observations which showed that the immobilisation of marine bacteria in Kcarrageenin gel beads enhances cell growth and nitrate reduction activity [18] . In the gel, cells can grow as assemblies of colonies if a suitable environment for growth is chosen, and may be protected from environmental changes by the gel layer. An experimental procedure using semisolid gel has also been used as laboratory model to study the metabolic activities of bacterial communities in the sediments [19] . A large part of the carbon source was not used for the bacterial growth, but was mineralised or accumulated as metabolites. In the case of the hydrophobic substrate (TMP), signi¢cant amounts of C 29 -and C 30 -isoprenoid esters (TMP condensation products [13] ) were detected in the aqueous phase at the end of the bacterial growth period in the ICC (Table 3 ). The accumulation of these compounds could partly explain lower growth yields observed in the presence of a support. It is generally considered that wax esters constitute energy storage components of bacteria [20] and that the amount of these compounds increases considerably in N-limited cultures [21] . Though the results obtained in the present work seem to indicate that immobilisation of bacteria can also favour the production of such compounds (Table 3) , this conclusion needs to be supported by further experiments.
In the presence of a solid support, growth yields were markedly lower, particularly in the case of the hydrophilic substrate. Mineralisation rates were determined to con¢rm the in£uence of the solid support on catabolism.
Speci¢c CO 2 production rates were signi¢cantly di¡er-ent between the FCC and the ICC (Figs. 3 and 4) . The maximum CO 2 production rate from sodium lactate was slightly higher with a solid support (3.1 ( þ 0.2) and 3.5 ( þ 0.3) nmol CO 2 min 31 (mg protein) 31 in FCC and ICC, respectively) ( Table 2, Fig. 3 ). The hypothesis that mineralisation predominated in the presence of a solid support was con¢rmed for this substrate, and compares well results obtained by Ascon-Cabrera et al. [8] during cultures on another hydrophilic substrate (2,4,6-trichlorophenol). Very di¡erent speci¢c CO 2 production rates were observed with the TMP (1.9 ( þ 0.7) and 0.5 ( þ 0.3) nmol CO 2 min 31 (mg protein)
31 in FCC and ICC, respectively) ( Table 2 , Fig. 4 ). The a¤nity for the substrate in ICC was lower (K m of sodium lactate = 18.2 ( þ 0.2) WM and K m of TMP = 37.0 ( þ 2.1) WM) than that determined in FCC (K m of sodium lactate = 8.5 ( þ 1.5) WM and K m of TMP = 8.4 ( þ 1.2) WM). This result also tallies with the Ascon-Cabrera results [8] . Di¡erences in enzymatic activities observed between ICC and FCC could be mainly due to: (i) the weak availability of the strongly sorbed substrate in the case of the C 18 ketone and (ii) the large amount of ATP present at the liquid/solid interface [22] in the case of sodium lactate. Elwood et al. [23] suggested that bacteria irreversibly associated with a support had higher metabolic activity than those in liquid culture. The ATP generation could be stimulated by higher H concentrations created by chemotactic processes. This hypothesis seems to be of great interest for our study, since Marinobacter sp. strain CAB is a motile £agellate bacterium.
Though there is no signi¢cant di¡erence between inhibition constants obtained with sodium lactate in FCC and ICC, lower inhibition was observed with the TMP in ICC (K iYFCC = 3.8 ( þ 1.0) WM and K iYICC = 12.2 ( þ 2.5) WM) (Table 2). The solid support could o¡er an advantage to immobilised cells against toxic hydrophobic substrates or their metabolic products. This could be a reason for the slightly higher TMP degradation obtained in ICC (80^85% in ICC and 70% in FCC) ( Table 2 ). This result tallies with those obtained by Wilson and Bradley [10] , who observed more e¤cient biodegradation of hydrocarbons (C 13 -C 18 ) in the presence of a biosorbant as solid support.
Finally, the impact of bacterial immobilisation was clearly demonstrated by this study. The simpli¢ed systems used enabled us to show signi¢cant di¡erences in bacterial physiology in the presence of a solid support. It proved notably that a liquid culture alone does not provide a good model to aid in the understanding of the ecological behaviour of some benthic bacteria. 
